share programs, such as the Environmental Quality Incentives Program (EQIP). According to the 1985 Food
chlorophyll loss, spectral response is greatest from 400 to 800 nm, as senescent plant tissues absorb incoming blue (300-400 nm) and red (500-600 nm) spectra while A doption of minimum tillage with residue managereflecting green (400-500 nm). Presence of water at this ment strategies has been widely associated with stage masks absorbance features in the near infrared improvements to soil quality. Crop residue management (NIR) associated with lignin and cellulose (Elvidge, 1990) . enhances soil quality primarily through the accumulaAs decay progresses, the relative abundance of lignin tion of SOC. Benefits attributable to residue manageand cellulose present is evidenced by broad absorption ment include reduced erosion, improved infiltration, and bands throughout the 400-to 900-nm spectral region soil aggregation (Prasad and Power, 1991) . Since 33% (Elvidge, 1990) . of agricultural lands in the USA have been classified Studies conflict regarding the use of remote sensing as highly erodible, residue management can effectively data to reliably differentiate between residue and soil. reduce erosion and off-site transport of nutrients and Early attempts to differentiate between soil and residue pesticides (USDA, 1995; McMurtrey et al., 1993 ; Lal spectra showed differences in spectral reflectance were and Kimble, 1997) . A rapid method of monitoring fieldgreatest in the NIR (Gausman et al., 1973 ; Aase and scale distribution of residue cover could help better Tanaka, 1991) . These results are in congruence with a establish the benefits of conservation tillage to soil and similar study conducted by McMurtrey et al. (1993) . water quality. McMurtrey et al. (1993) developed a vegetation index Problems with field-scale residue coverage assessments using spectrophotometer data of five different crop resiarise because obtaining spatially representative estimates dues and four different soil types. McMurtrey et al. of residue cover in a timely and cost efficient manner (1993) found reflection at 450, 660, and 830 nm captured is difficult. Cover estimates are increasingly important most differences between soil and crop residue spectra due to eligibility and compliance with government costin a laboratory setting. In another study, Daughtry et al. (1995) Nagler et al. (2000) applied the cellulose absorption (85Њ57Ј39″ W, 34Њ16Ј41″ N) . Soils classify as fine-loamy, siliindex (CAI) developed by Daughtry et al. (1996) 
MATERIALS AND METHODS
within each plot at the onset of the study. Wheat straw was dried and roll ground for total C content via dry combustion Study Sites of a 0.06-to 0.16-g sample using a LECO CHN-600 analyzer Study sites were located in two physiographic provinces of (Leco Corp., St. Joseph, MI). Alabama. The Coastal Plain study site was located in Headland, AL, at the Alabama Agricultural Experiment Station (AAES) Wiregrass Research and Extension Center (85Њ19Ј03″ W, Sensors 31Њ21Ј56″ N). Soils formed in sandy and loamy fluvial-marine GER 1500 Spectroradiometer sediments and classify predominantly as fine-loamy, kaolinitic, thermic Plinthic and Typic Kandiudults. Epipedons in this Reflectance measurements were collected monthly April through June and October through December, on clear days region were predominantly loamy sand texture. This region is intensively cropped to peanuts (Arachis hypogaea), cotton using a hand-held GER 1500 spectroradiometer (GER Corp., New York). The GER 1500 uses a diffraction grating of silicon (Gossypium hirsutum L.), and corn. The second study site was located in the Appalachian Plateau near Crossville, at the photo diodes with 512 individual detectors, and collects data between 350 to 1050 nm in 1.5-nm increments. Wavelengths angles: before nadir, at-nadir, and after nadir. Regularity of utilized in this study encompassed the 520-to 900-nm spectrum radiative transfer characteristics as functions of angle then to coincide with the spectral band passes of the ATLAS. Plot permitted estimates to be obtained for all other angles of data were collected as close to solar noon as possible under interest. The MODTRAN values are then integrated over the clear conditions. Measurements were taken at nadir, within sensor band passes. Thus unique atmospheric correction terms an 8Њ field of view, from a distance of 2.4 m above ground to are available for each flight line segment as functions of angle approximate a spatial resolution of 0.30 m 2 . Data collection from nadir. The calibrated value for each pixel was then inteconsisted of five measurements from within each plot. Meagrated with the MODTRAN estimate of atmospheric transsurements were converted to percent reflectance based on the missivity and "additive path radiance" as functions of angle reflectance properties of a spectralon reference plate. The from nadir. Energy at target can be calculated by rearranging spectralon reflectance plate was placed horizontally on the and solving the basic equation: ground outside of each plot. Reference data were collected Es ϭ Et t ϩ EA,
from a distance of approximately 25 cm from the spectralon plate.
where Es equals energy at sensor, Et equals energy at target, t equals transmissivity, and EA equals "additive path radiance" Airborne Terrestrial Applications Sensor (ATLAS) which can be either true radiance and or scattered energy depending on wavelength. For a detailed description of the The ATLAS multispectral scanner acquired data onboard atmospheric algorithm and physics the reader is referred to a Lear jet flown at approximately 1400 m. Airborne Terrestrial Rickman et al. (2000) or Schiller and Luvall (2000) . Applications Sensor collects data in 15 nominal bands ranging Airborne Terrestrial Applications Sensor data were acfrom 400 to 12 500 nm, with an approximate spatial resolution quired for each site close to solar noon, under clear conditions of 2.5 m at nadir, and a 72Њ field of view (Birk, 1992) (Table 2) .
on 2 June 2000 and 30 July 2001. Observations from the Simultaneous with acquisition the system records 6Њ of geoCoastal Plain site were limited to the 2000 data acquisition. metric data: latitude, longitude, pitch, roll, altitude, and headPixels lying completely within each plot were extracted, with ing. The onboard radiometric calibration subsystem consisted each plot consisting of 16 pixels. Surface features and atmoof three active sources: integrating sphere, hot black body, spheric attributes were assumed to be equal within each plot, and cold black body. These are referenced on each revolution thus the distribution of pixel values about mean plot values of the scan mirror. Data from the active calibration sources and percentage of coefficients of variation (CV) were used to within the sensor were used to develop a system transfer assess sensor noise. Based on this analysis, during the 2000 function on a per scan line basis. The specific technique used acquisition Ͻ5% of the pixels sampled in most bands were accounts for sensor drift while eliminating high frequency greater than two standard deviations from mean plot values. noise. The result of this process converts each of the original airborne measurements recorded in eight bits per pixel to However, in 2001, the percentage of pixels falling greater than units of Watts cm Ϫ2 sr Ϫ1 of known irradiance at the sensor. two standard deviations from mean plot values was greater Atmospheric corrections were done using a radiative transthan in 2000. Coefficients of variation within plots were generfer algorithm developed by NASA (Rickman et al., 2000; Schil- ally Ͻ10% Statistical Analysis such as altitude, orientation, visibility, and time. Post acquisition the flights were manually divided into straight line segMultivariate spectral data were first subject to band selecments by visual inspection. Segments had Ͻ5Њ of departure tion using a principal components analysis (PCA), since data from a straight line over total length. For each "straight path" encompassed multiple bands within the red, NIR, and TIR flight segment MODTRAN estimates of transmittance and spectrum. Next, Duncan's least significant difference routine path radiance or single path scattering were generated. For was used to delineate significant spectral differences (␣ ϭ each band, estimates are made at three different viewing 0.10) and determine the magnitude of spectral differences between treatments. Based on these results, stepwise linear Instead, spectral response patterns of residue were simi- than twice that observed under wetter conditions ( g Ͼ 10%). Residue degradation also impacted spectral response patterns. Throughout the growing season, the total C content (TC) of residue gradually declined from 50 to Ͻ25% TC, suggesting decomposition of residue (Fig. 2) . Residue cover differences were best observed during late-spring and fall, and related to decomposition These data suggest that differences in the intensity
Appalachian Plateau for two periods in 2000.
of spectral response are critical to accurately depict the variability in residue coverage. Furthermore, differences (Fig. 1) . Spectral response patterns were relatively conin near-surface soil attributes impact the relative magnisistent between sites and dates, but the magnitude of tude of spectral response. Soils in this study were domireflected energy varied. Conditions such as incoming nated by sandy surfaces, predominately composed of radiant energy, water content, and residue decomposiquartz, and had similar spectra compared with fresh tion at the time of RS data capture contributed to this residue (Table 1) ; however, as residue degradation provariability. Analysis of total reflected energy from the gressed, spectral differences between residue and soil spectralon reference plate provides evidence of differing became more evident. atmospheric conditions, which were of a significant magnitude to elicit changes in the "at-sensor" reflectance propResidue Coverage erties. Data acquired in June and October 2000 for the Appalachian Plateau site exemplify differences in atmoDifferentiation between residue treatments was best observed using a combination of bands in the 600-to spheric conditions via a change in total reflected energy from the spectralon reference plate (Fig. 1) . No differ-760-nm range (red-NIR). These results are consistent with previous studies, indicating red and NIR spectra ences in soil water content were observed between treatments during any one data acquisition; however, difbest differentiate between residue cover differences (Biard and Baret, 1997; Nagler et al., 2000) . Results showed ferences in average soil water content were observed between RS data acquisitions, particularly at the Appathat spectroradiometer data, at the spectral and spatial resolution used, could differentiate between plots relachian Plateau site. Increasing soil water content tends to darken surfaces and reduce the amount of reflected ceiving 20, 50, and 80% residue cover (Fig. 3) . The relative magnitude of difference between bare soil plots energy, as a greater proportion of radiant energy is absorbed by the surface (Capehart and Carlson, 1997) . This and treatment plots varied during the collection period, with the greatest differences among treatments occurring was observed in the 2000 Appalachian Plateau data set where average reflectance (600-630 nm) of bare soil plots during the October collection period, when TC content of the residue was Ͻ25%. ranged from 15 to 34% with peak reflectance during periods of low soil water content ( g Ͻ 2%) being more Using a combination of red and NIR spectra in step-factors for each band (ranging from 25 to 29%). Thus, analyses concentrated on bands that best differentiated between residue treatments, instead of bands that best described data variability. In most cases, reflectance within the 600-to 760-nm range and emittance in the 8200-to 9600-nm range best differentiated between treatments.
Spectral Response Curves
Visible and NIR spectral response patterns were similar to the bare soil line, differing only in magnitude of spectral response. Reflectance in the VIS portion of the spectrum slowly increases to a peak reflectance at approximately 760 nm, and then declines rapidly into the middle infrared regions (Fig. 4) . Unlike VIS and NIR spectra, TIR spectral response curves differed in slope and magnitude of response when compared with the bare soil line. With Ͻ20% residue cover, soil spectral response dominated the shape of the spectral response curve with plots receiving residue distinguishable only by magnitude of spectral response (Fig. 4) . However, as the amount of residue cover increased, the slope of levels off in the 8600-to 9200-nm region. Beyond this wise regression improved our ability to depict differpoint, emittance decreases rapidly and residue cover ences in residue cover at each site. At the Coastal Plain treatments are mostly indistinguishable. location, a stepwise linear regression explained 69 to 82% of the variability in residue cover in 2000 and 65
Residue Coverage to 72% of the variability in 2001 (Table 3) . Spectroradiometer data acquired from the Appalachian Plateau During the 2000 data acquisition at the Appalachian study site accounted for 73 to 86 and 43 to 86% of the Plateau site, reflected red energy in three different variability in 2000 and 2001, respectively (Table 3) .
ATLAS bands successfully differentiated between plots receiving 10, 20, 50, and 80% cover (Fig. 5) . Results
ATLAS Multispectral Scanner
from this study were based on atmospherically corrected ATLAS data, which facilitates the detection of differUsing all ATLAS bands, the first principal component explained 85% of the variance, with similar loading ences between near surface attributes with similar spec- (Table 4) . site, ATLAS Band 6 (red) best distinguished between 20, Visible-red spectra were also useful, accounting for as 50, and 80% cover, with no treatment differences bemuch as 98% of the residue variability in 2000 and 74% tween 0, 10, and 20% cover.
of the residue variability in 2001. Under relatively dry In 2000, TIR successfully differentiated between all conditions in 2000, TIR data explained 95% of the resicover treatments at both locations (Fig. 5) . Results from due variability at the Coastal Plain site while, VIS-red the Appalachian Plateau site for 2001 showed TIR was spectra accounted for 77-81% of the variability in resionly able to differentiate among 0, 20, and 80% cover due cover (Table 4) . treatments, possibly due to relatively higher soil water content at the time of data acquisition (data not shown).
CONCLUSION
Our results demonstrate that lower heat capacities of organic materials, such as residue, resulted in greater Results demonstrate the utility and potential limitations associated with using handheld or airborne RS data emittance as residue coverage increased (Campbell, 1996) . As a result, temperature differences between treatments to depict differences in residue coverage. Typical residue spectral response curves in the VIS and NIR regions of associated with contrasting heat capacities of straw and bare soil likely facilitated in situ residue evaluation. the spectrum differed from bare soil spectra mostly in magnitude of spectral response. Residue cover separaRegression analyses confirmed that a highly significant linear relationship (P Ͻ 0.0001) existed between tion was partially a function of straw decomposition, and soil water content at the time of acquisition. As resiemittance and residue cover at the Appalachian Plateau Comparison of ATLAS imagery to handheld spectro-
